Thin films of graphene oxide, graphene and copper (II) phthalocyanine dye have been successfully fabricated by electrostatic layer-by-layer (LbL) assembly approach. We present the first variable angle spectroscopic ellipsometry (VASE) investigation on these graphene-dye hybrid thin films. The thickness evaluation suggested that our LbL assembly process produces highly uniform and reproducible thin films. We demonstrate that the refractive indices of the graphene-dye thin films undergo dramatic variation in the range close to the absorption of the dyes. This investigation provides new insight to the optical properties of graphene containing thin films and shall help to establish an appropriate optical model for graphene-based hybrid materials.
INTRODUCTION
As a novel two-dimensional (2D) nano-material, graphene has attracted great attentions for its outstanding electronic, optical and mechanical properties. 1 2 Compared to conventional semiconductors, graphene exhibits extra-high mobility around 10 6 cm 2 V −1 s −1 , for its 2D electron gas with massless carriers. Graphene also shows remarkable optical properties including highly transparent 3 and high breaking strength. 4 Therefore, graphene is an idea materials for high conductive, transparent and flexible electrode for nanoelectronics [5] [6] [7] and optoelectronics. [8] [9] [10] In addition, for optoelectronic devices, graphene has other benefits, such as flexibility, 11 12 low cost and a work function (4.5 eV) 13 similar to that of ITO. Therefore, graphene is supposed to be an efficient replacement of ITO. Furthermore, combined with other materials, such as carbon nanotubes, 14 nanoparticles 15 and molecular dyes, 16 graphene hybrids can be also acted as active layer in optoelectronic devices.
For understanding optical and electrical properties of functional materials, the complex refractive index, N i = n − ki , which is directly related to the complex dielectric function i ( i = N 2 i , is an important parameter. For practical application, the complex refractive index is important for monitoring the films quality of organized thin * Author to whom correspondence should be addressed.
films, such as thickness, composition, uniformity. So far, very few works have reported the optical constant of graphene. 17 18 Recently, the elliposometry has been applied to characterize the pristine graphene on both thickness and optical constant. [19] [20] [21] To date, however, few ellipsometric studies have been reported on self-assembled graphene films, and there is lack of basic understanding of the (n, k values of graphene-based hybrid materials. Furthermore, the monolayer nature of graphene implied that its electronic properties are strongly susceptible to the influence of adsorption of other molecules. Therefore, the evaluation of complex refractive index is even more complicated when modified graphene materials are employed.
Herein, we report a systematic spectroscopic ellipsometry investigation on the uniform thin films containing graphene oxide and graphene fabricated by LbL selfassembly. To gain further understanding of the optical properties of graphene films, we have performed a variable angle spectroscopic ellipsometric (VASE) study 22 using an spectroscopic ellipsometer. The ability to measure the ellipsometric properties of a sample at multiple wavelengths (360-1000 nm) and variable angles allows a more reliable determination of a film's optical properties. Generally, the residual oxygen-containing groups, such as carboxyl, hydroxyl, epoxy and carbonyl make the GO and rGS negatively charged. By electrostatic LbL assembly, hybrids thin film between positively-charged AB and negatively charged GO and rGS can be obtained. In this work, the composite thin film between GO and AB is labelled as GO-AB, and the others films are labelled in the same manner.
As shown in Figure 1 , the fabrication of hybrid thin films in this work by electrostatic LbL assembly can be described by taking GO-AB as an example: (1) silicon wafer was firstly treated by the piraha solution to give negatively charge the surface, and then rinsed with a copious amount of water. (2) The primed substrate was immersed in a 1 mg mL −1 AB solution for 5 min and then rinsed with deionized water thoroughly and dried in an Ar stream. The sample was then immersed in a 1 mg mL −1 GO solution for another 15 min, rinsed with deionized water thoroughly and then dried in Ar. As a result, one bilayer GO-AB thin film was deposited onto the substrate. With repeating this absorption cycle, multilayer GO-AB thin film can be easily achieved as well as other hybrid thin films. UV-vis spectra, scanning electron microscopy and atomic force microscopy were applied to characterize the morphology of hybrid thin films, and it was proven that the hybrid thin films prepared by electrostatic LbL assembly show good stability and high uniformity. Then, the hybrid thin films were characterized by a spectroscopic ellipsometer (EP3; Nanofilm Technologie GmbH, Germany) to obtain their optical constants.
RESULTS AND DISCUSSION

VASE Observation on LbL Thin Films
In the "three-layer" model of ellipsometry, 24 polarized light is used to characterize thin film between substrate and ambient. The light undergoes a change in polarization as it interacts with the thin film. The incident light beam contains electric fields both parallel (p-) and perpendicular (s-) to the plane of incidence. The surface differentiates between the p-and s-light, causing a change in the outgoing polarization. The raw measurement from an ellipsometer is represented by both an amplitude ratio (tan ) and phase difference ( ):
where R p and R s are the complex reflection coefficients for light polarized parallel and perpendicular to the plane of incidence, d is the layer thickness, 0 is the angle of incidence, is the wavelength, and N 0 , N 1 , and N 2 are the complex refractive indices of ambient, film, and the substrate, respectively. The real (n and imaginary (k parts of N i are also called the index of refraction and the extinction coefficient, respectively, and are related to the complex dielectric function i = N 2 i . Thus, by fitting the measured values and , the optical constant and thickness (d of the thin films are obtained.
In conventional ellipsometry, a standard measurement of thickness and refractive index was generally taken at a single angle of incidence near the Brewster angle. However, because the complex chromatic graphene multilayers have unknown optical constants, it is difficult to obtain reliable results from single angles measurement. Therefore, VASE measurements with incident angle varied from 60 to 80 were applied to characterize the thin films prepared by electrostatic LbL assembly (Fig. 2) .
Simulations on the Optical Constant of the LbL Thin Films
To simultaneously determine the n, k and d of the LbL thin films, the ellipsometric data shall be fitted according appropriate optical models. difference between experimental data and assumed model in simulation, the mean-square error (MSE) is used:
where K is the number of ( , pairs, M is the number of the model parameters and the superscripts mod and exp refer to model and experimental values, respectively. The best fit to the experimental data is obtained by minimizing the value of MSE. With the simulation on the data from VASE measurement, a model could be established to evaluate the n, k and d values of the LbL thin films.
Besides the MSE evaluation, it is more important to assume a suitable initial model to fit optical constant and thickness. In previous works, 19 Cauchy model was used to characterize pristine graphene and graphene oxide by ellipsometry. However, Cauchy model is especially suitable for the transparent film with exponential absorption in visible region. Thus, for graphene-dye hybrid films with significant absorbance in visible region, Cauchy model is no longer adaptive. Alternatively, Lorentz oscillator model with Kramers-Kroning (K-K) transformation is applied to describe the dielectric function of LbL thin films. The basic expression of the Lorentz oscillator model is given as Eq. (4).
where is an offset, h is Plank's constant, and c is the light of speed. k is the number of oscillators. For the kth oscillator, A k is the amplitude, E k is the center energy and B k allows for oscillator-broadening. In Lorentz oscillator model, the optical properties are composed of a series of oscillators obeyed Hooke's law, each of which represent an optical absorbance. In our simulation, three oscillators are used. The first oscillator is sited above 400 nm mainly from the graphene background. The second and third peaks are around 630 nm and 690 nm from the absorbance of AB. Employing additional oscillators requires more computing time without significant improvement of MSE values. Figure 2 shows the experimental and simulated results of a 20-bilayer GO-AB film fitted by Lorentz oscillator model (Fig. 2) . The ellipsometry angles and are fitted simultaneously between 60 and 80 in the wavelength range of 360-1000 nm. The parameters in Eq. (4) are listed in Table I . It can be found that Lorentz oscillator model gives excellent fitting to the experimental data in the whole spectral range, especially around 630 nm and 690 nm, where absorption occurred. It indicates that the Lorentz oscillator model successfully simulates the significant features of ( , and presents a good description of the GO-AB LbL thin film. Cauchy model has also been tested to simulate the ellipsometric data, but a self-consistent fitting can not be achieved, suggesting the Cauchy model is not suitable for this highly absorptive system.
The real and imaginary parts of the complex refractive indices, i.e., n and k values, are evaluated from the simulation for GO-AB and rGS-AB LbL thin films (Fig. 3) . The pronounced absorption bands centred at 630 nm and 690 nm can be found in the k curve, which is consistent with the Q-band absorption of AB in its UV-vis spectrum. Therefore, our simulation on ellipsometric data of GO-AB and rGS-AB LbL thin films has been successfully achieved based on the Lorentz oscillator model, and the optical constants of the thin films can be reliably determined. Figure 3 reveals that the refractive indices, both n and k, of the graphene-dye thin films undergo dramatic variation in the range close to the Q-band of the phthalocyanine moieties. This dramatic variation of refractive index could cause difficulties for studies on graphene hybrid thin film in optoelectronics by conventional methods. And it is suggested that researchers working with graphene-based optical devices should be aware of this issues, and choose their values of optical constant carefully. The real part (n of the refractive indices of GO-AB thin films are found to vary between 1.55 and 1.89, which is higher than most organic and polymer thin films, suggesting higher optical density of the hybrid materials. The n values of rGS-AB are even higher than that of the GO-AB. One important application for ellipsometry analysis is to determine the thickness of the LbL thin films. From the VASE measurement, the thickness values of different films can be obtained simultaneously based on Eq. (1). Figure 4 shows the film thickness values consistent with The bilayer thickness was also measured by atomic force microscopy (AFM) and gave around 3.2 nm per bilayer, which is in good agreement with the ellipsometric result. rGS-AB showed results similar to that of the GO-AB. The average bilayer thickness of rGS-AB is around 0.99 nm, which is thinner than that of the GO-AB. The good linear correlation between the film thickness and the bilayer numbers suggests that our LbL assembly process is highly reproducible and the obtained films are uniform. The graphene-dye hybrid thin films produced by the LbL assembly process are potentially useful in optoelectronic applications. Further investigations on the optoelectronic properties of these thin films are underway.
CONCLUSION
In summary, thin films of graphene oxide, graphene and copper (II) phthalocyanine dye have been successfully fabricated by electrostatic LbL assembly approach. These LbL thin films are highly uniform and are used as model system to study the fundamental optical properties of graphene-dye hybrid films. The complex refractive indices the LbL thin films have been investigated by VASE measurements for the first time. Fitting the ellipsometric data by using Lorentz oscillator model gives reliable determination to the complex refractive indices. It is revealed that the refractive indices of graphene-dye thin films undergo dramatic variation in the range close to the Q-band of the phthalocyanine moieties. Such dramatic variation of refractive index could cause difficulties for studies on graphene hybrid thin film in optoelectronics by conventional methods. This investigation provides new insight to the optical properties of graphene containing thin films and shall help the researchers working in the related field to establish an appropriate optical model for such hybrid materials.
